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Abstract – Quantum state transfer is crucial for quantum information processing and quantum
computation. Here, we propose a hybrid optomechanical system capable of coupling a qubit, an
optical mode and a mechanical oscillator. The displacement of the mechanical oscillator,due to
radiation pressure, induces spatial variation in the cavity field, which in turn couples the qubit
with phonon mode. This allows state transfer between the cavity mode and the qubit without
an actual interaction between them. We present a scheme for the transitionless quantum state
transfer based on the transitionless quantum driving algorithm allowing us to achieve perfect state
transfer.
Introduction. – High fidelity quantum state trans-
fer (QST) is essential for the implementation of scal-
able quantum computation and quantum communication
protocols [1]. In fact, this is the central goal in vari-
ous schemes related to quantum networks [2, 7]. Numer-
ous quantum state transfer schemes and protocols have
been proposed and studies in many physical systems [2–6].
Recently, quantum optomechanical systems (OMS) have
drawn tremendous research interest due to its potential as
a promising platform for quantum information processing
related applications [7,16]. In particular, hybrid quantum
optomechanical systems owing to the versatility of optical
and mechanical components in coupling to different sys-
tems such as spins, cold atoms, superconducting qubits,
etc. are highly in focus [7–10]. It is clear that quantum
state transfer between various modes in OMS is a topic of
great research interest [11,12]. QST is usually achieved by
adiabatic evolution of the dark eigenstate, which can with-
stand variation of experimental conditions.In the context
of optomechanical systems, QST is mostly done by the
so-called stimulated Raman adiabatic passage (STIRAP)
protocols [14]. However the process requires large opera-
tional time to satisfy the adiabatic condition, hence falls
prey of inevitable leakage of quantum information leading
to decoherence [16]. Recently various shortcut to adia-
baticity (STA) approaches have been proposed which al-
lows one to cancel the unwanted transitions between eigen-
states by applying precisely controlled external fields [16].
One such approach is the so-called transitionless quantum
driving (TQD). The TQD process involves simple calcula-
tion and is easy to implement in experiments. It has been
demonstrated in some experiments and produces high fi-
delity state transfer, with low dependence on controlling
parameters and robust to mechanical dissipation. In this
work, we propose a phonon mediated quantum state trans-
fer scheme to have a fast and robust state transfer between
a photon and a qubit.
Fig. 1: Schematic of the hybrid optomechanical sys-
tem.The region shaded in maroon represents the electric
field. The green central portion is the oscillating mirror/
membrane. The atom shown in red is placed in the second
(right) cavity.
The model. – We consider a cavity QED set-up with
a membrane/mirror in between, as depicted in Fig. 1. It
consists of two optical cavities with frequencies ωc1 and
ωc2, aˆ1 and aˆ2 being their respective annihilation opera-
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tors. The optical cavities are connected to each other by a
oscillating mirror/ membrane of frequency ωm in between
them, bˆ being the annihilation operator of the mechan-
ical/phonon mode. The second cavity consists of a two
level atom/ qubit with frequency ωA in it. The Hamilto-
nian of the system [17,18] could be written as (~ = 1)
H = ωc1aˆ
†
1aˆ1+ωc2aˆ
†
2aˆ2+
ωA
2
σˆz+ωmbˆ
†bˆ−g′1(bˆ+ bˆ†)aˆ†1aˆ1
− g′2(bˆ+ bˆ†)aˆ†2aˆ2 + g′(aˆ2 + aˆ†2)(σˆ+ + σˆ−) (1)
where σˆ+ = |e〉 〈g|, σˆ− = |g〉 〈e| and σˆz = |e〉 〈e| − |g〉 〈g|
are the operators describing the qubit. The vacuum op-
tomechanical coupling strengths between the mode aˆ1
(aˆ2) and bˆ is described by g
′
1 (g
′
2), while the atom-
photon coupling is denoted by g′. In the interaction
picture, transforming the Hamiltonian in (1) as H =
UˆHoldUˆ
† − iUˆ∂Uˆ†/∂t where Uˆ = exp(−iH0t) with H0 =
ωc1(aˆ
†
1aˆ1 + aˆ
†
2aˆ2 + σˆz/2) we obtain,
H = ∆caˆ
†
2aˆ2 +
ωA − ωc1
2
σˆz + ωmbˆ
†bˆ− g′1(bˆ+ bˆ†)aˆ†1aˆ1
− g′2(bˆ+ bˆ†)aˆ†2aˆ2 + g′(aˆ2 + aˆ†2)(σˆ+ + σˆ−), (2)
where ∆c = ωc2 − ωc1. Now we apply mean field ap-
proximation to the cavity modes as aˆi =
√
ni + δaˆi, with
i = 1, 2. We consider pumping the second cavity with a
large field such that n2  1 and we can neglect its fluctu-
ations as δa2 → 0. Next, we consider the situation where
the displacement of the central membrane causes varia-
tion in the cavity field distribution. As a result, the atom-
cavity coupling rate becomes dependent on the position of
the oscillator [17,18]. Thus we may write the coupling rate
as g′(xˆ) = g′(0)+(∂g′/∂x)|x=0xˆ, where xˆ = xZPF (b+ b†).
In case of mechanical equilibrium g′(0) = 0. Therefore,
under RWA, the Hamiltonian in (2) could be rewritten as:
H = ∆cn2 +
ωA − ωc1
2
σˆz + ωmbˆ
†bˆ+ g1(δaˆ
†
1bˆ+ δaˆ1bˆ
†)
− g′2(bˆ+ bˆ†)n2 + g(bˆσˆ+ + bˆ†σˆ−) (3)
where g1 = g
′
1
√
n1 and g = 2
√
n2(∂g
′/∂x)|x=0xZPF . The
term −g′2(bˆ+bˆ†)n2 denotes average radiation pressure field
and can be neglected by shifting the displacement’s origin
and modifying the detuning ∆c by adding a constant term
to it [7]. The term ∆cn2 along with the term added to it
are constants and can be safely neglected without affecting
the dynamics of the system. Further, the cavity-qubit and
the optomechanical coupling parameters can be related as
follows. We have g1 =
√
n1(∂ωc1/∂x)xZPF for the first
cavity, while g2 =
√
n2(∂ωc2/∂x)xZPF for the second cav-
ity. Again, we know g′ = α
√
ωc2, α being some constant
[13]. Therefore, g = (α/
√
ωc2)
√
n2(∂ωc2/∂x)xZPF = γg2,
γ being some other constant, which signifies the strength
of the coupling. Thus eliminating the aˆ2 mode completely
from the equation, and writing: δaˆ1 ≡ aˆ and ωc1 ≡ ωc,
the Hamiltonian in (3) could finally be put in the following
form:
H =
ωA − ωc
2
σˆz + ωmbˆ
†bˆ+ g1(aˆ†bˆ+ aˆbˆ†)
+ γg2(bˆσˆ+ + bˆ
†σˆ−) (4)
In this work, we consider the following Vitanov-type time-
dependent coupling [19] parameters:
g1(t) = sin(θ(t))
g2(t) = cos(θ(t))
θ(t) =
pi
2
1
1 + e−v(t−3/v)
Here, v denotes the duration of the coupling strength.
It is worthwhile to note that the Vitanove-type of coupling
is used to optimize the adiabatic passage like, STIRAP, to
maximise fidelity and minimise non-adiabatic transitions
[15].
Population transfer via adiabatic passage. – In
order to investigate state transfer under adiabatic condi-
tions, we solve Eq.4 numerically with ωm = ωA − ωc =
1GHz and γ = 20 for different values of v.
Fig. 2: Simulation of quantum state transfer for the fol-
lowing values of v, (a) 0.25, (b) 0.75, (c) 1.5, (d) 2
The results are depicted in Fig.2. It could be observed
that, when the coupling strength is varied slowly/adia-
batically as in case of v = 0.25, we can achieve an al-
most perfect population transfer. However when it evolved
rapidly/non-adiabatically, the system transits into inter-
mediate states and fails to achieve a perfect population
transfer. In order to solve this problem, in the next sec-
tion, we apply the transitionless quantum driving (TQD)
algorithm [20] to the system.
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Population transfer via TQD algorithm. – To
begin with, we take the interacting part of the Hamilto-
nian (4) as follows:
HI = g1(aˆ
†bˆ+ aˆbˆ†) + γg2(bˆσˆ+ + bˆ†σˆ−) (5)
We consider the following basis vectors, with (|φ〉 =
|aˆ〉 |bˆ〉 |σˆ〉):
|φ1〉 = |1〉 |0〉 |g〉
|φ2〉 = |0〉 |1〉 |g〉
|φ3〉 = |0〉 |0〉 |e〉
The Hamiltonian is then expanded in the above basis,
and in the matrix form, the Hamiltonian (5) takes the
following form:
H(t) =
 0 g1(t) 0g1(t) 0 γg2(t)
0 γg2(t) 0
 (6)
It has the following eigenfunctions,
|ψ1〉 = −γg2
g0
|φ1〉+ g1
g0
|φ3〉
|ψ2〉 = 1√
2
[
g1
g0
|φ1〉 − |φ2〉+ γg2
g0
|φ3〉
]
|ψ3〉 = 1√
2
[
g1
g0
|φ1〉+ |φ2〉+ γg2
g0
|φ3〉
]
with eigenvalues 0,−g0 and g0 respectively, where g0 =√
g21 + γ
2g22
On applying the TQD algorithm [20], we derive the fol-
lowing new Hamiltonian,
HTQD = i
3∑
n=1
|ψ˙n〉 〈ψn| = iG(|φ1〉 〈φ3| − |φ3〉 〈φ1|) (7)
with G = γ(g˙1g2 − g1g˙2)/g20
Fig.3 depicts the simulation of the quantum state trans-
fer with this new Hamiltonian, i.e. the TQD algorithm for
various values of the v-parameter. It can be seen that one
can now seamlessly transfer population from |φ1〉 to |φ3〉
state without exciting |φ2〉 state in the process, making it
transitionless. We find that, as the duration of the cou-
pling strength v increases,it is possible to obtain very fast
population transfer. In fact, the parameter v could be
used to control the fastness of the population transfer.
Fidelity of state transfer. – The process discussed
till now was lossless. When we consider a non conservative
interaction, one need to take into account the finite decay
rates of the cavity, mechanical mode and the qubit. This
could be done by considering the so-called quantum mas-
ter equation.To study the dynamics, we solve the master
equation [21] of the following form,
∂ρ
∂t
= −i[HTQD, ρ] + κL[aˆ]ρ+ ΓL[σˆ−]ρ
+ γm(nth + 1)L[bˆ]ρ+ nthγmL[bˆ
†]ρ, (8)
Fig. 3: Simulation of quantum state transfer with TQD
algorithm for the following values of v, (a) 0.25, (b) 0.75,
(c) 1.5, (d) 2
where L[A]ρ =
[
2AρA† −A†Aρ− ρA†A] /2. κ and
γm are the decay rates of the cavity and the mechan-
ical oscillator respectively, Γ is the decay rate of qubit
and nth the average number of phonons in the external
bath. Further, the fidelity of state transfer is calculated as
F = 〈01| trm(ρ) |01〉 where trm(ρ) is the reduced density
matrix, after tracing out the mechanical mode. |01〉 state
denotes the fact that there are 0 photons in cavity 1, while
the qubit is in the excited state [19]. The results are illus-
trated in Fig. 4. Also the variation of the fidelity with the
cavity and atom decay rates is shown in Fig. 5. It is quite
clear that the proposed quantum state transfer protocol is
fairly robust even in the presence of cavity and atom de-
cay. Hence, it is possible to seamlessly transfer a quantum
state from photon to a qubit mediated by phonons with
the proposed method. These form of interaction is further
assisted by the high phonon-qubit coupling strength than
the usual photon-qubit one. Experimentally, it can be
achieved by using independently controllable coupling pa-
rameters. The optomechanical coupling strength is mod-
ulated by varying the length of the cavity. For instance,
this can be achieved, as suggested in [22] by varying the
dimpled fiber taper attached to the central mirror by some
nano positioner. The lengths of the two cavities could be
independently modulated to result in different g1(t) and
g2(t). Moreover, to keep the photon number high in the
second cavity, it can be irradiated with a strong laser. In
order to execute the TQD process, the coupling parame-
ters are varied according to G(t) to simulate HTQD [23].
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Fig. 4: Fidelity vs time (a) v = 0.25 (b) v = 0.75. κ =
0.005GHz, Γ = 0.005GHz, γm = 0.05MHz and nth = 50
Fig. 5: Dependence of fidelity on cavity κ and qubit Γ
decay rates for v = 0.75
Conclusions. – We have proposed a method to trans-
fer quantum state from photon to a qubit mediated by
phonons with high fidelity. The displacement of the me-
chanical oscillator,due to radiation pressure, induces spa-
tial variation in the cavity field, which in turn couples
the qubit with phonon mode. This allows state transfer
between the cavity mode and the qubit without an ac-
tual interaction between them. The scheme, based on the
transitionless quantum driving algorithm, is capable of ef-
ficient and robust state transfer even in the presence of
finite cavity and atom decay rates.
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